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NeurogenesisIn insects and crustaceans, ventral midline cells are present that subdivide the CNS into bilateral symmetric
halves. In both arthropod groups unpaired midline neurons and glial cells have been identiﬁed that contrib-
ute to the embryonic patterning mechanisms. In the fruitﬂy Drosophila melanogaster, for example, the mid-
line cells are involved in neural cell fate speciﬁcation along the dorso-ventral axis but also in axonal
pathﬁnding and organisation of the axonal scaffold. Both in insects and malacostracan crustaceans, the
bHLH-PAS transcription factor single-minded is the master regulator of ventral midline development and ho-
mology has been suggested for individual midline precursors in these groups. The conserved arrangement of
the axonal scaffold as well as the regular pattern of neural precursors in all euarthropod groups raises the
question whether the ventral midline system is conserved in this phylum. In the remaining euarthropod
groups, the chelicerates andmyriapods, a single-minded homologue has been identiﬁed in the spider Achaear-
anea tepidariorum (chelicerate), however, the gene is not expressed in the ventral midline but in the median
area of the ventral neuroectoderm. Here we show that At-sim is not required for ventral midline develop-
ment. Furthermore, we identify sim homologues in representatives of arthropods that have not yet been ana-
lysed: the myriapod Strigamia maritima and a representative of an outgroup to the euarthropods, the
onychophoran Euperipatoides kanangrensis. We compare the expression patterns to the A. tepidariorum sim
homologue expression and furthermore analyse the nature of the arthropod midline cells. Our data suggest
that in arthropods unpaired midline precursors evolved from the bilateral median domain of the ventral neu-
roectoderm in the last common ancestor of Mandibulata (insects, crustaceans, myriapods). We hypothesize
that simwas expressed in this domain and recruited to ventral midline development. Subsequently, sim func-
tion has evolved in parallel to the evolution of midline cell function in the individual Mandibulata lineages.
© 2012 Elsevier Inc. All rights reserved.Introduction
The bilateral symmetry of euarthropods (insects, crustaceans,
myriapods, chelicerates) is reﬂected in the organisation of their cen-
tral nervous system (CNS): the brain and the ventral nerve cord are
subdivided into bilateral symmetric hemi-ganglia (Ghysen, 2003). In
insect and crustacean embryos, unpaired midline cells have been de-
scribed which divide the two halves of the CNS and perform several
essential functions during the development of the CNS (Klämbt and
G., 1991; Simanton et al., 2009; Vargas-Vila et al., 2010). (1) In the
insect Drosophila melanogaster the ventral midline cells contribute
to neural cell fate speciﬁcation along the dorso-ventral axis via EGF
receptor signalling (Udolph et al., 1998). In the crustacean Parhyale
hawaiensis the absence of midline cells even results in the failure to
generate ventral neuroectoderm and lateral ectoderm indicating an
important role for midline cells in establishing the dorso-ventral
axis (Vargas-Vila et al., 2010). (2) Furthermore, the ventral midline
cells are a source of axonal guidance molecules and thus organiseerk).
rights reserved.the establishment of the bilateral symmetric axonal scaffold
(reviewed by Dickson, 2002). (3) In D. melanogaster, the ventral mid-
line contains glial cells that migrate between the transverse axon
tracts and separate them into an anterior and posterior commissure
in each neuromere (Klämbt et al., 1991). In addition, the cell process-
es of the midline glia subdivide the commissures into several fascicles
along the dorso-ventral axis (Stollewerk et al., 1996). The ventral
midline therefore also contributes to the proper function of the axo-
nal network.
In D. melanogaster the ventral midline derives from the mesecto-
derm — bilateral one-cell-wide stripes of cells positioned between
the mesoderm and the neuroectoderm (Fig. 1A). During gastrulation
the mesoderm invaginates and the mesectodermal stripes come to
lie next to each other to form the ventral midline (Klämbt et al.,
1991). The midline precursors can be distinguished by morphology;
they appear more similar to mesodermal than to neuroectodermal
cells (Crews et al., 1988; Poulson, 1950). They give rise to glial cells
(midline glia) and various neurons (e.g., MP1, VUM) (Bossing and
Technau, 1994; Jacobs and Goodman, 1989; Klämbt et al., 1991).
The origin and formation of the midline precursors seem to be con-
served in Diptera, however, the medio-lateral extension of the ven-
tral midline is variable (Zinzen et al., 2006). In short-germ insects,
Fig. 1. A–C: Schematic drawing of the development of the ventral midline in dipterans (insects), malacostracan crustaceans and spiders (chelicerates). The white lines represent the
ventral midline precursors of D. melanogaster/P. hawaiensis and the ventral median neuroectodermal cells of A. tepidariorum. (A) In dipterans the ventral midline is formed from
bilateral columns of mesectodermal cells which come together at the ventral midline after gastrulation. The two columns of mesectodermal cells intercalate to form a single
row of midline precursors. (B) In malacostracan crustaceans midline precursors arise from a single longitudinal row of ectodermal cells. (C) In spiders median ventral neuroecto-
dermal cells express sim. During inversion the germband splits and the ventral midline epithelium covers the area between the two halves. Ant, antennal segment; ant1 to ant2;
antennal segments 1 to 2; ab, abdominal segments; ch, cheliceral segment; gna, gnathal segments; int, intercalary segment; l1 to l4, walking leg segments 1 to 4; md, mandibular
segment; mes, mesoderm; mesec, mesectodermal cells; ne, neuroectoderm; o1 to o5, opisthosomal segments 1 to 5; opi, opisthosoma; ped, pedipalpal segment; th, thoracic
segments.
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precursors has not been analysed.
In contrast to dipterans, the ventral midline precursors arise from
the medial column of neuroectodermal cells in the crustaceans
P. hawaiensis and Orchestia cavimana (Vargas-Vila et al., 2010)
(Fig. 1B). Despite this difference, the crustacean midline precursors
generate a similar population of unpaired neurons and glial cells
(Gerberding and Scholtz, 1999, 2001). Furthermore, both in D. mela-
nogaster and P. hawaiensis Single-minded (Sim) is required for mid-
line cell fate (Nambu et al., 1990; Nambu et al., 1991; Vargas-Vila
et al., 2010). Sim regulates the transcription of midline speciﬁc
genes such as slit and rhomboid and loss of function leads to the
absence of midline cells (Nambu et al., 1991).
In the remaining euarthropods, ventral midline cells have only
been described in myriapods (‘Mittelstrang’). In Amblypygi (chelice-
rates), median cells do not occur in the ventral nerve cord until the
ganglia and the axonal scaffold have formed (Weygoldt, 1975),
while in Xiphosura (basal chelicerates) ventral midline cells have
been detected in the brain but not in the ventral nerve cord (Scholl,
1977). Interestingly, despite the absence of morphologically distinctmidline precursors, molecular markers characteristic of midline cells
are expressed in the spider Achaearanea tepidariorum (chelicerate)
in two different populations of cells (Akiyama-Oda and Oda,
2006)(Fig. 1C). At-sim is expressed in a continuous longitudinal stripe
at the median border of the ventral neuroectoderm which overlaps
with the expression domains of At-fork-head (At-fkh) and At-short-
gastrulation (At-sog) (Fig. 1C). These median cells cannot be distin-
guished by morphology from the remaining neuroectodermal cells.
In the absence of At-sog function, ventral structures fail to form indi-
cating that the median cells play an important role in patterning the
dorso-ventral axis (Akiyama-Oda and Oda, 2006).
Furthermore, the axonal guidance molecule Netrin is expressed in
epithelial cells that are located medially to the At-sim/At-sog/At-fkh
expressing neuroectodermal cells (Linne and Stollewerk, 2011).
These epithelial cells appear when the germband splits along the ven-
tral midline. The separation of the germband halves is part of a pro-
cess called ‘inversion’ which occurs in all spiders. During inversion
the two germband halves move dorsally. The extending gap between
them is covered by a single layer of epithelial cells (‘ventral sulcus’
(Anderson, 1973; Seitz, 1966). The ventral midline epithelium
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reaches its widest expansion when the germband halves converge
dorsally. Subsequently, the posterior part of the abdomen (opistho-
soma) ﬂexes forward and the remaining yolk mass is translocated
towards the posterior. The two halves of the germband come together
again at the ventral midline and the ventral midline epithelium
becomes reduced and dissolves at ventral closure (Anderson, 1973).
Neither neuronal nor segmental markers are expressed in the epithe-
lial ventral midline indicating that the midline cells do not contribute
to the embryo proper (Linne and Stollewerk, 2011). However, these
cells seem to have an important function in axonal guidance. We
have shown recently in another spider species – Cupiennius salei –
that the continuous expression of netrin in the ventral midline epithe-
lium is required for the formation of the commissures, which are
established during the process of inversion (Linne and Stollewerk,
2011).
These data indicate that the ventral midline area of spiders (cheli-
cerates) is signiﬁcantly different from the specialised midline cells of
insects and crustaceans. This raises the question how the ventral mid-
line cells have evolved in the lineage leading towards insects and
crustaceans and which pattern of midline cells can be considered as
ancestral. The phylogenetic relationship of euarthropods (insects,
crustaceans, myriapods, chelicerates) is still debated, however, strong
evidence accumulates both from morphological and molecular phy-
logenies supporting a grouping of insects, crustaceans and myriapods
(‘Mandibulata’) (Giribet and Egdecombe, 2011; Rota-Stabelli et al.,
2011). Here we identify sim homologues in representatives of arthro-
pods that have not been analysed so far: the myriapod (chilopod)
Strigamia maritima and a representative of an outgroup to the
euarthropods, the onychophoran Euperipatoides kanangrensis. We
compare the expression patterns to the previously identiﬁed
A. tepidariorum sim homologue (Akiyama-Oda and Oda, 2006) and
furthermore analyse the nature of the arthropod midline cells in the
spider and an additional myriapod (diplopod), Glomeris marginata.
Materials and methods
Animal stocks
A. tepidariorum males and females for breeding were kindly pro-
vided by Hiroki Oda, University of Osaka, Japan and Alistair McGregor,
Veterinärmedizinische Universität Wien, Austria. Spiders were
cultured and embryos were collected as described by Akiyama-Oda
and Oda (2003). S. maritima embryos were kindly provided by Vera
Hunnekuhl, Department of Zoology, University of Cambridge. Adult
G. marginata (Myriapoda, Diplopoda) were collected in the city forest
of Cologne, Germany, in spring and early summer. G. marginata adults
were cultured and embryos collected as described (Dove and
Stollewerk, 2003). Collection and culturing of female E. kanangrensis
Reid, 1996 were done as described previously (Eriksson and Budd,
2000; Eriksson et al., 2009).
PCR cloning
Stm sim, Stm ASH and Ek sim were identiﬁed by RT-PCR on cDNA
obtained from RNA of S. maritima and E. kanangrensis embryos,
respectively. The following primers were used to amplify sim frag-
ments from S. maritima cDNA: forward 1: GAG TGC AAT CAC CGA
GAT AA; forward 2: AGC TTC TCT CGA TCT CAA ACT C; reverse 1:
AGA TGC AAC TGG AGT CGG C; reverse 2: TCG ATT GTT GTT GCG
GAT AGT and E. kanangrensis cDNA: forward 1: TGG CBA AAY TVY
TKC CRY TKC C; forward 2: CAR CTS GAC AAR GCM TCC RTY; reverse
1: ARS GAR TGW CCV ACB GCM ACC A; reverse 2: GRT TCT GMG GCT
SGT AVC CSG. The sequences were deposited in the GenBank data-
base. Accession numbers: JN676098 (Ek sim), JN676099 (Stm sim),
and JN676100 (Stm ASH).In situ hybridisation and histology
Whole-mount in situ hybridisations and immunocytochemistry
were performed as described previously (Akiyama-Oda and Oda,
2003; Eriksson et al., 2009; Stollewerk et al., 2001). Phallodin-FITC
was purchased from Invitrogen (Germany) and staining of spider
embryos was performed as has been described for ﬂies (Stollewerk,
2000). Anti-acetylated- α-tubulin was purchased from Sigma (Ger-
many) and diluted 1:100. Preparation, sectioning and histological
staining of E. kanangrensis adults were performed as described
(Eriksson and Budd, 2000).
RNA interference in A. tepidariorum
Double-stranded (ds) RNA was prepared from a At-sim cDNA
clone by in vitro transcription using both SP6 and T7 RNA polymer-
ases in one reaction to generate sense and antisense RNA. The RNA
strands were annealed by heating the sample to 80 °C and afterwards
cooling it down slowly. The production of double-stranded (ds) RNA
was veriﬁed by gel electrophoresis. The 5′ region of the open reading
frame was used as a template for the generation of non-overlapping
At-sim ds RNA fragments, since it has been shown that siRNA
sequences from the 5′ termini of coding sequences had low chances
for off-target reactivity (Qiu et al., 2005). Ds RNA injections were per-
formed as described (Akiyama-Oda and Oda, 2006).
Results
The expression pattern of single-minded in the chelicerate
A. tepidariorum
The early expression pattern of A. tepidariorum sim in the median
neuroectodermal cells was described by Oda and co-worker
(Akiyama-Oda and Oda, 2006) who identiﬁed the gene. In order to
uncover temporal changes and additional expression domains, we
analysed sim expression throughout neurogenesis (Fig. 2). At-sim is
expressed after onset of neurogenesis in a longitudinal domain in
the median area of the neuroectoderm (Fig. 2A, C). The domain
extends anteriorly up to the stomodeal placode; towards posterior
the median expression domain is present in all opisthosomal seg-
ments except for the last one (Fig. 2A). When the germband splits
along the ventral midline during inversion, the At-sim expression
domain becomes separated into two longitudinal columns (Fig. 2B,
D). Shortly after, At-sim expression becomes conﬁned to the posterior
half of each hemi-segment (Fig. 2D). The same expression as before is
seen in the anterior and posterior areas of the germband that are not
separated (Fig. 2A). The expression is switched off during further
separation of the germband halves but subsequently the gene is
re-expressed in a single group of cells in the posterior-medial area
of each hemi-neuromere (Fig. 2E). This expression is maintained
until the end of embryogenesis (Fig. 2F). The basal position of the
cell groups suggests that these are differentiated neural cells (Suppl.
Fig. 1). In the most posterior segments which are not separated
during inversion, At-sim continues to be expressed in a longitudinal
domain along the midline (Fig. 2E). However, at the end of embryo-
genesis the domain resolves and expression is up-regulated in single
cells as well as groups of cells (Fig. 2F). In addition, At-sim is
expressed in the developing protocerebrum — in the optic vesicles
of the anterior lateral eyes and in differentiating neural precursors
of the mushroom bodies (Fig. 2E, F; see (Döfﬁnger et al., 2010) for
formation of brain centres in spiders). Furthermore, At-sim transcripts
are up-regulated in groups of cells at the base of the limb buds
(Fig. 2D–F, asterisks). The expression might correlate with the posi-
tion of developing sense organs in the coxa (Stollewerk and
Seyfarth, 2008).
Fig. 2. A–F: Expression pattern of single-minded in the spider A. tepidariorum. Flat preparations of whole mount in situ hybridisations with a DIG-labelled At-sim RNA-probe, anterior
is towards the top. The dashed lines indicate the borders of the hemi-neuromeres. (A) At the beginning of neurogenesis, At-sim is expressed in a longitudinal domain. The expres-
sion extends anteriorly up to the stomodeal placode (arrow) and posteriorly into the next to last opisthosomal segment. The arrowhead points to At- sim expression. (B) After onset
of inversion, the At-sim domain (arrowhead) splits into two longitudinal domains. The black asterisks indicate the areas which have down-regulated At-sim. The white asterisk
indicates At-sim expression in the leg. (C, D) High magniﬁcations of prosomal hemi-neuromeres. The arrows point to the At-sim expression domains. In C, the area is continuous;
in D, At-sim expression is down-regulated in the anterior parts of the hemi-neuromeres (asterisks). (E) At 110 h, At- sim is re-expressed in a single group of cells in the posterior-
medial area of each hemi-neuromere (arrows). The large white arrowheads indicate hemi-segments that have not yet up-regulated At-sim expression. The small white arrowheads
point to differentiating neural precursors of the mushroom bodies. The black arrowheads indicate At-sim expression in the optic vesicles of the anterior lateral eyes. The white
asterisks show the position of At-sim expression in the proximal part of the ﬁrst walking legs. The black asterisk indicates the opisthosomal area that does not separate during
inversion. (F) At-sim remains expressed in the posterior-median groups (arrows), the neural precursors of the brain (small white arrowheads: differentiating mushroom body
precursors; small black arrowheads: optic vesicle precursors) and the walking legs (white asterisks). In the median area of the posterior opisthosomal segments groups and single
cells (large arrowheads) express At-sim. The black asterisk indicates the opisthosomal area that does not separate during inversion. Ale, optic vesicle of the anterior lateral eye;
ch, cheliceral hemi-neuromere; cl, caudal lobe; l1 to l4, hemi-neuromeres of the walking leg segments 1 to 4;mb, mushroom body vesicle; o1 to o8, hemi-neuromeres of the opistho-
somal segments 1 to 8; ped, hemi-neuromere of the pedipalpal segment; pl, precheliceral lobe; ple, optic vesicle of the posterior lateral eye; st, stomodeal placode. Scale bars: (A)
150 μm in A–B, 100 μm in C–D; (E) 200 μm in E–F.
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Both in insects and crustaceans the ventral midline is formed
by unpaired neural precursor cells (Gerberding and Scholtz,
2001; Klämbt et al., 1991). This raises the question whether un-
paired medial precursors arise from the longitudinal sim expres-
sion domain in the spider A. tepidariorum. In chelicerates and
myriapods the nervous system is formed by groups of neural pre-
cursors that segregate from the neuroectoderm and directlydifferentiate into neurons and glial cells (Dove and Stollewerk,
2003; Stollewerk et al., 2001). In embryos stained with the acety-
lated α-tubulin antibody, small dots are visible in the neuroecto-
derm that correspond to the bundled cell processes of the neural
precursor groups (NPGs) (Fig. 3B, arrowheads). NPGs appear in
ﬁxed positions in A. tepidariorum in each hemi-neuromere; we
have recently identiﬁed and named each NPG (Döfﬁnger and
Stollewerk, 2010) (Fig. 3D). Double-staining with sim and the acet-
ylated α-tubulin antibody revealed that the two median NPGs a1
Fig. 3. A–C: Bilateral neural precursor groups arise in the median At-sim positive domain of A. tepidariorum. Flat preparation of whole mount in situ hybridisations with a DIG-
labelled At-sim RNA-probe (red, false colour) and an antibody staining for acetylated α-tubulin (green), anterior is towards the top. The dashed lines indicate the borders of the
hemi-neuromeres. (A, B) The small dots stained by the acetylated α-tubulin antibody correspond to the apical cell processes of NPGs, which have a bottle-like shape. The arrow-
heads in B indicate the cell processes of the NPGs that are located in the At-sim expression domain (a1 and f1). (C) High magniﬁcation of the ventral median area of a prosomal
neuromere. Note the position of a1 (arrowheads) within the At-sim expression domain. f1 is not visible in this optical section. (D) Schematic drawing showing the arrangement
of NPGs in a single hemi-neuromere. The asterisks indicate the two NPGs that are located within the At-sim domain. l1 to l3, hemi-neuromeres of the walking leg segments 1 to
4. Scale bar: (A) 80 μm in A–B, 60 μm in C.
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ever, these are bilateral NPGs and we could not detect any un-
paired NPGs in the median VNE.Fig. 4. A–F: Expression pattern of sim and ASH in the centipede Strigamia maritima. Whole
stained with the nuclei marker Hoechst (D, E) and a Stm ASH RNA-probe (F); anterior is to
to Brena and Akam, 2011). Stm sim expression extends up to the stomodeal placode anterio
in A). Transcripts accumulate in a triangular area below the stomodeal placode, while the gen
of the embryo (arrowheads). Stm sim expression extends into the caudal lobe. The arrow
anterior most segments (brain and gnathal segments) and ventral midline. Stm sim is exp
High magniﬁcation of the median Stm sim expression domain (arrowhead). (E) Stage 4.3. S
in groups of neural precursor cells (arrowheads). Ant, antennal hemi-neuromere; cl, caudal lo
maxillipedal hemi-neuromere; md, mandibular hemi-neuromere; ml, ventral midline; p, pro
E, 50 μm in F.The role of sim in the median VNE remains elusive. In sim RNA
interference (RNAi) embryos the median VNE cells that express sim
in control embryos are present and the formation of NPG a1 and f1mount in situ hybridizations with a DIG-labelled Stm sim RNA-probe (A–C), double-
wards the top. (A–C) Whole mount S. maritima embryos at stage 4.2 (stages according
rly (see D for the morphological structure of the stomodeal placode which is not visible
e is expressed in a median column of cells in the ventral midline in the remaining parts
points to the posterior-most morphologically visible segment. (D) Morphology of the
ressed in a triangular domain posterior to the stomodeal placode. (D) Stage 4.2., late.
tm ASH is expressed in the VNE but not in the ventral midline. Transcripts accumulate
be; ic, intercalary hemi-neuromere;max 1 to 2, maxillary hemineuromere 1 to 2;maxp,
ctodeum; pc, protocerebrum. Scale bars: (A) 200 μm in A–C; (D) 200 μm in D, 40 μm in
71V. Linne et al. / Developmental Biology 364 (2012) 66–76is not affected (Suppl. Fig. 2A,D). Furthermore, the absence of sim
function does not have a long-range effect as neither the overall
patterning of the NPGs is disturbed in sim RNAi embryos nor the
morphogentic movements of the epithelial midline cells that occur
during the process of inversion (Suppl. Fig. 2B, C, E, F).
The ventral midline cells of myriapods express sim and generate
unpaired median precursor groups
The difference in the morphology and function of the spider (Che-
licerata) and insect/crustacean (Tetraconata) ventral midline raises
the question whether the formation of unpaired median precursors
is a derived character of Tetraconata. In order to address this ques-
tion, we cloned a sim homologue in S. maritima, a representative of
the Myriapoda. Stm sim is expressed in a longitudinal median domain.
The expression starts posterior to the stomodeal placode and extends
along the entire length of the embryo into the caudal lobe (Fig. 4A–
D). Segments are generated sequentially within the caudal lobe and
become morphologically visible anterior to it (Fig. 4B, C). Stm sim
expression within the caudal lobe suggests that the dorso-ventral
fate is determined at the same time as the anterior–posterior axis of
the segments (Fig. 4C).
The ventral midline of S. maritima forms a hollow between the two
halves of the neuroectoderm in the segmented area of the embryo
and Stm sim expression seems to be conﬁned to this area (Fig. 4E).
The expression pattern of the single S. maritima achaete–scute homo-
logue (ASH) supports the restriction of sim expression to the ventral
midline. Stm ASH seems to be exclusively expressed in the neuroecto-
derm (Fig. 4F). Transcripts can be detected in patches of cells and are
up-regulated in the NPGs (Fig. 4F). A comparison of Stm ASH and StmFig. 5. A–E: The ventral midline of myriapods is morphologically distinct and generates unpa
loidin (green) (A), G. marginata embryos stained with phallodin (red) (B–D) and whole mo
the top. (A) The arrow points to NPGs (bright dots) in the VNE; the arrowheads indicate the
midline the midline precursors can be distinguished from the lateral VNE and the epidermal
point to NPGs in the VNE; the small arrowheads indicate NPGs in the midline. (D) In the basa
the apical area indicating that they have a bottle-like shape. (E) Gm snail is expressed in unpa
VNE. L1 to l3, hemi-neuromeres of the walking leg segments 1 to 3; ml, ventral midline. Scasim expression suggests that Stm sim is expressed in the medial area
which is devoid of Stm ASH transcripts (Fig. 4E, F).
Next we analysed whether the ventral midline cells of myriapods
can be morphologically distinguished from the VNE and whether
these cells generate neural precursors. The ventral midline cells of
S. maritima appear smaller than the ventral neuroectodermal cells
and the presence of small dots of high phalloidin expression in the
ventralmidline suggests that NPGs arise from this area (Fig. 5A). How-
ever, it is difﬁcult to demonstrate this inmore detail due to the speciﬁc
mode of embryogenesis. S. maritima forms all its segments (about 50
leg bearing segments) during embryogenesis, a mode known as epi-
morphic development (Chipman and Stollewerk, 2006). As a result
the individual segments are extremely compressed and take on a
wave-like appearance. In contrast, the anamorphic myriapod G. mar-
ginata hatches with only six leg segments; additional segments are
generated during larval stages (adult females: 17 leg pairs; adult
males: 19 leg pairs) (Dove and Stollewerk, 2003). We therefore ana-
lysed the morphology of the ventral midline in detail in G. marginata.
As in S. maritima, the ventral midline of G. marginata forms a hol-
low between the two halves of the neuroectoderm (Fig. 5B). In apical
horizontal (optical) section the ventral midline cells can clearly be
distinguished from the VNE by their smaller size (Fig. 5B, C). Basal
optical sections reveal that the cell diameter of the ventral midline
cells is considerably larger in the basal area indicating that the mid-
line cells have a bottle-like shape with the bottle neck pointing
towards apical (Fig. 5D). The bright spots of phalloidin staining indi-
cate the presence of bundled cell processes in apical optical sections,
and thus NPGs, in the ventral midline (Fig. 5B, C). We conﬁrmed the
presence of unpaired NPGs in the ventral midline by analysing the
expression pattern of the pan-neural gene snail. In G. marginata theired neural precursor groups. Flat preparation of S. maritima embryo stained with phal-
unt in situ hybridizations with a DIG-labelled Gm snail RNA-probe; anterior is towards
position of unpaired NPGs in the ventral midline. (B, C) In the apical area of the ventral
cells at the border of the segment (large arrowhead in B) by their small size. The arrows
l area, the ventral midline precursors have larger cell diameters (arrow) as compared to
ired NPGs in the ventral midline (arrowheads). The arrow points to a NPG in the lateral
le bars: (A) 80 μm in A; (E) 15 μm in D, 60 μm in E.
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ventral midline at the beginning of neurogenesis (Pioro and
Stollewerk, 2006) (Suppl Fig. 3A). In contrast to other arthropod rep-
resentatives that have been analysed (Cowden and Levine, 2002;
Stollewerk et al., 2003), the pan-neural gene snail is not only
expressed in the NPGs in the VNE of G. marginata but also in the ven-
tral midline precursors (compare Fig. 5E to Fig. 5A–D in Stollewerk
et al., 2003). We have summarised the previously published data
(Pioro and Stollewerk, 2006) on Gm snail expression in the ventral
midline in Suppl. Fig. 3. Gm snail transcripts ﬁrst accumulate in two
bilateral longitudinal stripes in the medial area (Pioro and
Stollewerk, 2006) (Suppl Fig. 3B). The stripes are not continuous
but interrupted between the segments. The trunk segments are
formed sequentially in G. marginata and accordingly, the bilateral
stripes appear in an anterior to posterior sequence but not until
neurogenesis has been initiated in the corresponding segments
(Suppl Fig. 3A, B). Subsequently the bilateral stripes merge to form
a continuous longitudinal column (Suppl Fig. 3C,D). Analysis of late
embryonic stages (stage 4/5) revealed that Gm snail expression
becomes restricted to unpaired NPGs (Fig. 5E) which furthermore
conﬁrms the morphological data (Fig. 5B–D).
Onychophoran sim is expressed in the median VNE
The molecular and morphological analyses of the ventral midline
in euarthropods show that, like in Tetraconata, morphologically
distinct unpaired midline cells are present in myriapods, while they
are absent in arachnids (chelicerates). This raises the question whether
the presence or absence of unpaired midline cells represents the
ancestral character of ventral midline formation in euarthropods. We
therefore identiﬁed a sim homologue in the onychophoran species
E. kanangrensis and analysed its expression pattern.
In E. kanangrensis, the germband halves form widely separated
from each other as two longitudinal bands which are only connected
to each other in the area surrounding the proctodeum (Fig. 6A). As
the mouth and anus are being formed, paired segmental swellings
become visible in the germband. At the same time the two halves of
the anterior most head segment, which will develop the protocere-
bral neuromere, come together at the ventral midline so that the
germband halves form a ring-like structure (Fig. 6B). The ventral mid-
line ectoderm becomes reduced towards the end of embryogenesis so
that the two halves of the germband come together (Walker and Tait,
2004). In contrast to euarthropods, however, the longitudinal tracts
of the VNE remain widely separated and are connected by numerous
commissures (Storch and Ruhberg, 1993). While the longitudinal
tracts are covered ventrally by nerve cells, the commissures are
merely surrounded by muscle tissue (Fig. 6C).
E. kanangrensis sim is initially expressed in bilateral longitudinal
domains in the medial-most area of the neuroectoderm (stage II
after Walker and Tait, 2004; Fig. 6D-F). In later stages (stage IV) a
gradually changing expression pattern can be observed in the VNE
(Fig. 6G). First, Ek sim expression spreads over the whole neuroecto-
derm (Fig. 6H). In the next developmental stage the sim expression
domain forms a half circle around the medial part of the hemi-
neuromeres (Fig. 6I, J). Expression in the half-circle is heterogenous
with patches of cells expressing higher levels of Ek sim. In addition,
sim is strongly expressed in the developing protocerebrum (Fig. 6G).
Discussion
This work provides the ﬁrst study of the expression pattern of sim
and its relation to the formation of ventral midline cells in arthropod
groups that have been neglected so far. In the following paragraphs
we discuss ventral midline formation and sim function in arthropods
and suggest a hypothesis of ventral midline evolution and evolutio-
nary modiﬁcations in sim function in euarthropods.Unpaired midline precursors evolved in Mandibulata
We have shown here that morphologically distinct ventral midline
precursors are present in two myriapod groups, the chilopods (centi-
pedes) and the diplopods (millipedes). Unpaired NPGs form in the
ventral midline suggesting that these give rise to a population of
median neurons and glial cells. This assumption is in line with several
publications that describe morphologically distinct midline cells in
myriapods (Heymons, 1901; Tiegs, 1941; Tiegs, 1947).
We did not detect unpaired midline precursors in the remaining
arthropod groups analysed here, the chelicerates and the onychopho-
rans. In both groups a morphologically distinct ventral midline
epithelium separates the germband halves (Fig. 7A,B). However, this
epithelium is transient and does not contribute to the formation of
neural cells. It seems to develop due to the separation and dorsal
movement of the germband halves and is therefore most likely an
adaptation to the speciﬁc mode of embryogenesis. The ventral mid-
line epithelium does not have a counterpart in the remaining arthro-
pod groups except possibly for a few representatives of chilopods that
show separation of the germband (Heymons, 1901). Interestingly, the
midline epithelium of spiders fulﬁls one of the functions of the
unpaired midline cells of Mandibulata. The axonal guidance molecule
Netrin is expressed in the midline epithelium and is required for
commissural axon pathﬁnding which occurs during separation of
the germband halves (Fig. 7B) (Linne and Stollewerk, 2011). It is
unlikely that the midline epithelium of onychophorans plays a similar
role since commissural axons do not cross the midline until the germ-
band halves come together again and the midline epithelium
dissolves (Eriksson et al., 2003).
If we assume that sim has the same function of determining mid-
line cell fate as in D. melanogaster, specialised midline precursors
might arise from the bilateral expression domains of sim in themedian
VNE and migrate into the epithelial midline area in onychophorans
and spiders. However, there is neither morphological nor molecular
evidence (i.e., neural marker expression) showing that neural cells
are present in the midline area during embryogenesis (Eriksson and
Stollewerk, 2010; Linne and Stollewerk, 2011; Stollewerk et al.,
2001, 2003). These data are supported by publications showing that
midline cells are absent in the ventral nerve cord of basal chelicerates
(Xiphosura: Limulus polyphemus) and onychophorans (Scholl, 1977;
Weygoldt, 1975). It should bementioned here, that in two representa-
tives of chelicerates, L. polyphemus and the whip spider Phrynus
marginemaculata (named Tarantula marginemaculata in the publica-
tion), median cells have been described in the brain after the forma-
tion of the neuropil in late stages of embryonic development (Scholl,
1977; Weygoldt, 1975). However, these cells rather represent local
cell populations than a continuous midline area. In case of L. polyphe-
mus, for example, themedian cells bridge the two halves of the arcuate
body (central body), an unpaired midline neuropile (Scholl, 1977).
Interestingly, a transient midline structure, the ﬂoor plate, has
been described in the ventral spinal cord of vertebrates. It consists
of columnar glial-like cells that are morphologically distinct from
the adjacent neuroepithlium and are the source of axonal guidance
molecules, among others Netrin, which attracts commissural axons
to the ventral midline (reviewed by Colamarino and Tessier-
Lavigne, 1995). Furthermore, similar to spiders and onychophorans,
vertebrate sim homologues are not expressed in the ﬂoor plate and
are neither required for the formation of ﬂoor plate cells nor involved
in axonal pathﬁnding, rather, they are expressed in the neuroepithe-
lium immediately adjacent to the ventral midline (Eaton and
Glasgow, 2006; Goshu et al., 2002; Michaud et al., 1998; Shamblott
et al., 2002) . Interestingly, a similar expression of sim in lateral
groups of neurons has recently been described in the honeybee Apis
mellifera which might therefore represent an ancestral feature of
sim expression at least in arthropods if not in bilaterians in general
(Zinzen et al., 2006).
Fig. 6. A–J: The expression pattern of sim in the onychophoran Euperipatoides kanangrensis. Embryos stained with the nuclei marker Hoechst (green) A, B, F, H–J and with a
DIG-labelled At-sim RNA-probe (D–J), anterior is towards the top. C is a cross section of an adult stained with Mallory's tri-chromatic stain; dorsal is towards the top. (A) In E. kanan-
grensis embryos the germband halves form separately and are only connected at the proctodeum. The arrows point to the area where the most anterior head segment forms, the
arrowheads indicate the area of the developing trunk. (B) The two halves that form the protocerebrum (arrows) come together at the ventral midline. Segmental swellings become
visible. (C) In the adult, the longitudinal tracts (black arrowheads) remain separated surrounded ventrally by nerve cells (white arrowheads). The commissures (arrow) are only
surrounded by muscle cells (asterisk). The ventral nerve cord is encircled by a dashed line. (D–F) Ventral (D) and lateral views (E, F) of the anterior germband. Ek sim is expressed in
a median stripe (arrows) along the VNE. The expression is very low in the anterior-most segments but seems to extend into the jaw hemi-neuromere (arrowhead in D). In addition,
Ek sim is expressed in large areas in the developing protocerebrum (white arrows in D,E) and the antenna. (G) Due to the sequential addition of segments from a posterior growth
zone, onychophorans show an anterior to posterior gradient of development. Thus, within a given stage, developmentally younger stages are present in the posterior area of the
germband, while gradually older stages are visible in the anterior area of the germband. In stages III and IV which are shown here (D–J), all segments of stage IV – even the
most posterior segments which represent the youngest developmental stages of stage IV – are older than the oldest developmental stages of stage III. There is a wide-spread
expression of Ek sim in the developing protocerebrum and a changing pattern in the VNE at stage IV. The areas framed by squares are enlarged in the corresponding images H–J.
(H) In developmental younger stages of stage IV embryos the median stripe of Ek sim expression is no longer visible. Ek sim is expressed in the whole VNE (arrows). (I) Subsequently,
Ek sim expression is down-regulated in the central area of the hemi-neuromeres as well as in between the hemi-neuromeres so that the gene is expressed in a semi-circular area
(arrows). (J) This expression is maintained in the most anterior segments of stage IV embryos. Within the semi-circular domain, Ek sim expression is heterogeneous (arrow).
Ant, antenna; j, jaw hemi-neuromere; l1 to l14, hemi-neuromeres of the walking leg segments 1 to 14; proct, proctodeum; sp, slime papilla hemi-neuromere; st, stomodeal placode;
vmle, ventral midline epithelium. Scale bars: (B) 100 μm in A–B; (C) 75 μm, (F) 100 μm in D–F, (G) 100 μm, (H) 50 μm in H–J.
73V. Linne et al. / Developmental Biology 364 (2012) 66–76
Fig. 7. A–F: Summary of sim midline expression in arthropods. Schematic drawings of ﬂat preparations (ventral view) anterior is towards the top. Sim/snail expression is shown in
black. The circle (dashed line) indicates the position of the stomodeal placode. (A, B) Both in the spider A. tepidariorum and the onychophoran E. kanangrensis sim is expressed in the
median area of the ventral neuroectoderm. The germband halves are separated by the ventral midline epithelium which, in case of the spider, is involved in axonal pathﬁnding of
commissural axons (small arrows). (C) In the chilopod S. maritima sim is expressed in a several cell-wide stripe which extends into the caudal lobe throughout embryogenesis. Sim
is also expressed in a trianglular domain posterior to the stomodeum. In contrast to S. maritima, the ventral midline forms later in G. marginata and does not extend into the unseg-
mented area. (D) In the malacostracan P. hawaiensis, sim is expressed in a single stripe of midline cells throughout embryogenesis. An additional triangular domain (grey) appears
later during development posterior to the stomodeum. Sim is also expressed in the caudal lobe. (E) In dipterans, ventral midline cells are present in all segments except for the
antennal and intercalary segments which correspond to the deuto- and tritocerebral neuromeres. In this area, sim is expressed in the developing foregut (stomodeum). (Ab, abdom-
inal hemi-neuromeres; ant, antennal hemi-neuromere; ant1 to ant2, antennal hemi-neuromere 1 to 2; ch, cheliceral hemi-neuromere; cl, caudal lobe; gna, gnathal hemi-
neuromere; ic, intercalary hemi-neuromere; j, jaw hemi-neuromere; l1 to l7, hemi-neuromeres of the walking leg segments 1 to 7;md,mandibular hemi-neuromere; mx, maxillary
hemi-neuromere; mx1 to mx2, maxillary hemi-neuromeres 1 to 2; mxp, maxillipedal hemi-neuromere; ped, pedipalpal hemi-neuromere; pmd, premandibular hemi-neuromere;
pmx, postmaxillary hemi-neuromere; sp, slime papilla hemi-neuromere; th, thoracic hemi-neuromeres; t1 to t5, thoracic hemi-neuromeres 1 to 5.
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in arthropods
We have shown here that sim is neither required for the formation
of the median VNE nor the ventral midline epithelium nor for
patterning the neuroectoderm in the spider A. tepidariorum. However,
we cannot rule out the presence of an additional sim orthologue in the
A. tepidariorum genome that might carry out some of these functions,
although in the remaining arthropods (including those with
sequenced genomes) only single sim homologues have been identi-
ﬁed. In any case, the median VNE cells might be the source of pattern-
ing signals since they express additional genes such as At-short
gastrulation (sog) which is required for dorso-ventral patterning in
the spider. In severe sog RNAi embryos neither the ventral midline
epithelium nor the neuroectoderm forms (Akiyama-Oda and Oda,
2006). The severe phenotype could be due to an earlier wide-spread
expression of At-sog, however, the data clearly show that At-sogexpression in the median VNE cells is required for the arrangement
of NPGs in the neuroectoderm (Akiyama-Oda and Oda, 2006).
At-sim is expressed later than At-sog in the median VNE and might
therefore have a more restricted role in determining neuronal cell
fate in the median area. This is difﬁcult to prove without speciﬁc
markers, however, there is evidence from Drosophila and vertebrates
that sim is involved in cell fate determination and regionalization in
the neuroectoderm. In the Drosophila brain, for example, ventral mid-
line cells are absent in the area where the deuto- and tritocerebrum
develop. Instead, the two halves of these neuromeres are separated
by the developing foregut (stomodeal placode in Fig. 7E). Sim is
expressed in foregut cells and required for the formation of the medi-
an part of the deuto-and tritocerebrum via activation of the EGF
receptor pathway (Fig. 7E) (Page, 2003).
We propose that in arthropods that lack unpaired midline cells,
sim has an ancestral role in median cell fate determination and
regionalization. An ancestral function of sim in regionalization is
Fig. 8. Evolution of unpaired ventral midline precursors in arthropods. The phylogenetic
tree shows the relationship of euarthropods based on the Mandibulata hypothesis
which groups myriapods, crustaceans and insects. In the hypothesis presented here,
we suggest that unpaired ventral midline precursors evolved in the last common ances-
tor of Mandibulata; unpaired ventral midline precursors are present in all three groups
(myriapods, crustaceans and insects), which is indicated by the encircled plus sign.
Unpaired midline precursors were absent in the last common ancestor of arthropods
and are absent in onychophorans and chelicerates (encircled minus sign).
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onychophoran VNE as well as the wide-spread expression in the
developing brain prior to morphological differentiation.
We hypothesize that in the last common ancestor of the Mandibu-
lata, unpairedmidline cells evolved from the median sim positive area
of the VNE and simwas recruited to midline cell development (Fig. 8).
Functional studies are not possible yet in myriapods, however, it
seems conceivable that the possible role of midline cells and thus
sim depends on the relative time of formation of midline cells. In
G. marginata, for example, the bilateral midline anlage forms sequen-
tially and is not visible until neurogenesis is initiated in the VNE
(Suppl. Fig. 3). Furthermore, NPGs cannot be detected in the ventral
midline until the bilateral columns have merged into a single midline
domain. At this stage all NPGs have formed in the VNE indicating that
the midline cells are neither involved in the early patterning of the
dorso-ventral axis nor in establishing NPG identity, however, they
might be required for the later process of axonal pathﬁnding. In con-
trast, in S. maritima, sim is expressed in a single column which
extends into the unsegmented area (caudal lobe) indicating that the
midline is speciﬁed at the same time as the lateral neuroectoderm
and the dorsal/lateral ectoderm (Fig. 7C). Sim could therefore be
involved in early dorso-ventral patterning of neural fate in the
neuroectoderm.
Both in dipterans and in malacostran crustaceans, midline cells
differentiate before neurogenesis starts in the VNE (Fig. 7D,E). In
Drosophila, the ventral midline cells are a source of EGF receptor sig-
nalling and sim acts upstream of this signalling pathway which is
required for neural cell fate speciﬁcation in the lateral neuroectoderm
(Nambu et al., 1990). Furthermore, the midline cells organise the
development of the ladder-like axonal scaffold by providing axonal
guidance molecules which are partially co-activated by sim and sub-
divide the commissures (Ma et al., 2000). In sim mutants, the mesec-
todermal cells do not form, rather, the mutant midline cells cannot be
distinguished from ventral neuroectodermal cells (Nambu et al.,
1991), which further supports our hypothesis of an evolutionary
origin of the ventral midline from the median VNE.
Like in Drosophila, sim is required for the formation of ventral mid-
line precursors in the single malacostracan crustacean that has been
analysed, the amphipod P. hawaiensis (Vargas-Vila et al., 2010). How-
ever, in contrast to D. melanogaster, the absence of ventral midline
cells – either caused by ablation of the midline precursors or loss of
sim function – results in the complete transformation of the ventralneuroectoderm and lateral ectoderm into dorsal ectoderm indicating
that the ventral midline cells have an early function in patterning the
dorso-ventral axis. It is therefore not possible to resolve if the midline
cells have a similar role in neural cell fate speciﬁcation, axonal path-
ﬁnding and commissure subdivision as their D. melanogaster counter-
parts during later stages. However, the continuous expression of sim
and the existence of similar populations of midline neurons and
glial cells in crustaceans would suggest a similar role. Indeed, it has
been shown in the malacostracan O. cavimana that two pairs of mid-
line glia ensheath the commissures, similar to Drosophila (Gerberding
and Scholtz, 2001).
Conclusion
Sim has an ancestral function in median cell fate determination
and regionalization of the CNS. In arthropods unpaired midline pre-
cursors evolved from the bilateral median domain of the VNE in the
last common ancestor of Mandibulata. Sim was expressed in this
domain and recruited to ventral midline development. In the individual
Mandibulata lineages sim function has evolved in parallel to the evolu-
tion of midline cell function. Initially it might have been involved in
axonal pathﬁnding at the ventral midline but a shift to earlier differen-
tiation of midline cells has facilitated additional functions in patterning
the dorso-ventral axis including position dependent determination of
neural fate in the VNE.
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